Duck reovirus (DRV) is an typical aquatic bird pathogen belonging to the Orthoreovirus genus of the Reoviridae family. Reovirus causes huge economic losses to the duck industry. Although DRV has been identified and isolated long ago, the responses of Cairna moschata to classical/novel duck reovirus (CDRV/NDRV) infections are largely unknown. To investigate the relationship of pathogenesis and immune response, proteomes of C. moschata liver cells under the C/NDRV infections were analyzed, respectively. In total, 5571 proteins were identified, among which 5015 proteins were quantified. The differential expressed proteins (DEPs) between the control and infected liver cells displayed diverse biological functions and subcellular localizations. Among the DEPs, most of the metabolism-related proteins were down-regulated, suggesting a decrease in the basal metabolisms under C/NDRV infections. Several important factors in the complement, coagulation and fibrinolytic systems were significantly up-regulated by the C/NDRV infections, indicating that the serine protease-mediated innate immune system might play roles in the responses to the C/NDRV infections. Moreover, a number of molecular chaperones were identified, and no significantly changes in their abundances were observed in the liver cells. Our data may give a comprehensive resource for investigating the regulation mechanism involved in the responses of C. moschata to the C/NDRV infections.
expressed proteins (DEPs) responsive to heat stress were identified by MALDI-TOF/TOF-MS 18 . By 2-D gel electrophoresis, a total of 59 differentially expressed proteins with functions in the utilization of carbohydrates and nucleotides, stress defenses, and the regulation of immune system were indentified under MDRV infection 19 . Recently, a novel MS/MS-based analysis involving isotopomer labels and 'tandem mass tags' (TMTs), has been newly developed for protein accurate quantification 20 . Taking advantage of this newly developed technique, a large number of DEPs under the C/NDRV infections were identified in our study. The purpose of our study is investigation of the relationship of pathogenesis and immune response. The results will provide useful information on the pathogenicity of C/NDRV in ducks and new insights into the further studies on this disease.
Materials and Methods
Ethics statement. Animal experiment was conducted in the Institute of Animal Husbandry and Veterinary Sciences (IAHV), Zhejiang Academy of Agricultural Sciences (ZAAS). All ducks used in our experiments were treated in accordance with the Regulations of the Administration of Affairs Concerning Experimental Animals approved by the State Council of China. The bird protocol used in this study was approved by the Research Ethics Committee of ZAAS (permit number: ZAAS20160802).
Experimental birds and virus. The experimental infection was conducted in 1-day-old healthy Muscovy ducklings, and the blood samples of each duckling were checked by RT-PCR to ensure their healthy (no DRV has been detected). Twenty seven 1-day-old Muscovy ducklings were randomly divided into three groups and were housed in the isolation facility. For the CDRV infection, one group (9 ducklings) was inoculated intramuscular with 0.5 mL of CDRV ZJ2000M strain at a titer of 10 5.19 median tissue culture infective dose (TCID50) per mL. For the NDRV infection, another group (9 ducklings) was inoculated intramuscular with 0.5 mL of cell culture medium infected by NDRV HN10 strain contained the same TCID50, the titer of NDRV HN10 strain is 10 6.4 TCID50 per mL. Additionally, nine un-infected ducklings were treated with sterile DMEM in the same manner. Ducklings of each groups were euthanatized after 72 hours post infection (hpi). Their livers were collected and snap-frozen in liquid nitrogen. Subsequently, frozen tissues were kept at − 80 °C until further processing.
Protein extraction and trypsin digestion. For each treatment group, nine ducklings were divided into three independent subgroups (three ducklings as a repeat). Samples were first grinded by liquid N 2 and then were transferred into a 5 mL tube. The cell powder was sonicated using a high intensity ultrasonic processor in pre-cooled lysis buffer containing 8 M urea, 2 mM ethylenediaminetetraacetic acid, 10 mM dithiothreitol and 1% Protease Inhibitor Cocktail VI. The remaining debris was discarded by centrifugation at 20,000 × g for 10 min at 4 °C. At last, the samples were precipitated with pre-cooled 15% TCA buffer for 2 h, and the supernatant was removed by centrifugation at 20,000 × g for 10 min at 4 °C. Again, the remaining precipitate was washed for three times with pre-cooled acetone and was redissolved in buffer containing 8 M urea, 100 mM TEAB (pH 8.0).
The resulting solution was reduced with 10 mM dithiothreitol at 37 °C and was alkylated with 20 mM iodoacetamide at 25 °C in darkness for 45 min. For trypsin digestion, the samples were digested with Trypsin Gold (Promega, Madison, WI, USA) to produce the digested peptides. The trypsin was added at a mass ratio of 1:50 (trypsin:protein) for a overnight digestion and at a mass ratio of 1:100 (trypsin: protein) for a 4 h digestion. Approximately 100 μg of each sample was digested for the further experiments.
TMT labeling. The digested peptide samples were desalted though a Strata X-C18-SPE column (Phenomenex, Torrance, CA, USA) and vacuum-dried. For TMT labeling, peptides were reconstituted in 0.5 M triethylammonium bicarbonate buffer and processed using a 6-plex TMT kit according to the its protocol (Thermo-Scientific, Rockford, USA). Briefly, one unit of TMT reagent, which was added to label 100 μg of protein, was thawed and reconstituted in 24 μL acetonitrile. The peptide-reagent mixture was incubated at room temperature for 2 h, pooled, desalted, and dried by vacuum centrifugation.
HPLC fractionation and LC-MS/MS analysis. The samples were crushed into various fractions by high
pH reverse-phase HPLC with Agilent 300Extend C18 column (Santa Clara, CA, USA) at wavelength 250 nm. Briefly, peptide samples were fractioned into 80 fractions with a gradient of 2% to 60% acetonitrile in 10 mM ammonium bicarbonate for 80 min, at pH 10. Then, all fractions were combined into 18 fractions and were vacuum dried.
For LC-MS/MS analysis, peptides were dissolved in 0.1% formic acid and directly loaded onto an Acclaim PepMap 100 reversed-phase pre-column (ThermoFisher Scientific, Shanghai, China). Peptide separation was carried out using an Acclaim PepMap RSLC reversed-phase analytical column (ThermoFisher Scientific, Shanghai, China). The gradient was comprised of a lifting from 6% to 22% of solution B (0.1% FA in 98% ACN) in 22 min, an increase from 22% to 36% of solution B in 10 min, an increase from 36% to 85% of solution B in 5 min, and holding at 85% of solution B for 3 min with a steady flow rate of 400 nL/min on an EASY-nLC 1000 UPLC system (Thermo, Shanghai, China).
The resulting peptides were subjected to NSI source followed by MA/MA in Q Exactive TM plus (Thermo, Shanghai, China) coupled online to the UPLC system. Intact peptides were detected in the Orbitrap at a resolution of 70,000 and ion fragments were detected at a resolution of 17,500. The applied electrospray voltage was set to 2.0 kV. Automatic gain control was applied to prevent overfilling of the ion trap and 5E4 ions were accumulated to generate the MS/MS spectra. The m/z scan range was set at 350 to 1800 for MS scans and the first fixed mass was set at 100 m/z. Database search. The resulting MS/MS data were processed using Thermo Proteome Discoverer (version 2.1.0.81) with mascot search engine against unip_Anas_8839 database. Trypsin/P was treated as cleavage enzyme allowing up to 2 missing cleavages, 5 modifications, and 5 charges per peptide. Mass error was set to 10 ppm for precursor ions and to 0.02 Da for fragment ions. Carbamido-methylation on cysteine, TMT-6-plex on lysine and N-term was treated as fixed modification, and oxidation on methionine was treated as variable modifications. The threshold for false discovery rates (FDRs) of protein, peptide and modification site was set at 0.01. Minimum peptide length was specified at 7. All the other parameters in Thermo Proteome Discoverer were set to default values.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD008623.
Bioinformatic analysis. Gene Ontology (GO) annotation of all identified proteins was derived from
the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). The IDs of all identified proteins were converted to the UniProt IDs, which could be mapped to the GO maps. The unannotated proteins were annotated by the InterProScan software by the protein sequence alignment method.
Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate metabolic and biological processes (http://www.genome.jp/kegg/). KEGG description of each identified protein was annotated by a KEGG online service tool, KAAS. Then, all annotated proteins were mapped onto the KEGG pathway using KEGG mapper, another KEGG online service tool.
An updated version of PSORT/PSORT II was used to predict the subcellular localizations of all identified proteins (http://www.genscript.com/wolf-psort.html).
Protein domain was analyzed by a sequence analysis software, InterProScan, basing on protein sequence alignment method (http://www.ebi.ac.uk/interpro/).
Enrichment analysis of the DEPs. GO, KEGG and proteins domain enrichments of the DEPs under C/
NDRV infections were analyzed. For each GO, KEGG and domain category, a two-tailed Fisher's exact test was carried out to determine the enrichments of the DEPs against the background (all identified proteins in this study). Correction for multiple hypothesis testing was employed using standard FDR control method. GO, KEGG or domain category with a P value < 0.05 was treated significant. To satisfy the conditions of the hierarchical clustering method, the P values were transformed into Z-score: sets were selected to exclude external candidate proteins. A metric 'confidence score' was used to define interaction confidence, and the interactions with a confidence score < 0.7 were fetched. Cytoscape (ver. 3.5.1) was used to visualize the PPI network from STRING database.
Validation of DEPs by Parallel Reaction Monitoring (PRM).
The PRM assay was used to confirm the changes of DEPs identified in the LC-MS/MS-TMT analysis. Briefly, the methods of protein extraction and Trypsin digestion was the same as the description above. In PRM, peptides were identified by an acquired MS/MS spectrum. Sensitivity is highly related to peptide identification. Thus, peptide identification is essential, posing an inherent limit in data-dependent MS/MS scans.
Result
Quality validation of the MS data. To quantify the dynamic shifts in the whole proteomes of different liver samples (three repeats × three groups), an integrated proteomic approach was carried out. Basic experiment flow was showed in Fig. 1a . Pair-wise Pearson's correlation coefficients of the nine sample groups showed a great repeatability of our study (Fig. 1b ). The MS data produced a large number of peptides with mass errors < 0.02 Da, suggesting a fine mass accuracy of our MS data ( Fig. 1c ). Moreover, most peptides contained 8 to 17 amino-acid residues, indicating that the sample preparation reached the general standards ( Fig. 1d ).
Quantitative proteomic analysis revealed a number of DEPs. In our study, a total of 5571 proteins were identified, among which 5015 proteins were quantified. The basic information of the identified proteins, including annotations, functional classifications, functional enrichments, and subcellular localizations was listed in Table S1 . In the CDRV vs control comparison, 242 proteins, including 168 up-and 74 down-regulated proteins, were identified. In the NDRV vs control comparison, 325 proteins, including 226 up-and 99 down-regulated proteins, were identified ( Fig. 2a ). The differences in the proteins between CDRV and NDRV infections were also compared, pointing out only 6 up-and 26 down-regulated proteins. A venn diagram displayed that a large number of DEPs (187 proteins) were commonly changed by both the CDRV and NDRV infections ( Fig. 2b) . Under the CDRV infection, the greatest up-regulated proteins (over 5 folds) were serum amyloid protein (U3IC83) and alpha-1-acid glycoprotein (U3I466); and the greatest down-regulated proteins were malic enzyme (U3IL38), fatty acid synthase (R0KBE2), and acetoacetyl-CoA synthetase (U3IQX8) ( Table S2 ). Under the NDRV infection, serum amyloid protein (U3IC83), alpha-1-acid glycoprotein (U3I466), interferon alpha-inducible protein 6 (R0JE94), and histone H5 were induced over 5 folds; and stearoyl-CoA desaturase (A0A0H3U2H5), fatty acid synthase (R0KBE2) and malic enzyme (U3IL38) were largely reduced (Table S3 ).
All identified proteins and the DEPs were classified into different GO terms representing three categories: 'cellular component' , 'biological process' and 'molecular function' . In detail, 49.8% (2772 proteins), 30.4% (1694 proteins) and 28.9% (1611 proteins) of the identified proteins were annotated as 'binding' , 'catalytic activity' and 'cellular process' , respectively. In the CDRV vs control comparison, 46.7% (113 proteins), 43.4% (105 proteins) and 38.0% (92 proteins) of the DEPs were classified into the 'binding' , 'catalytic activity' and 'metabolic process' GO terms, respectively. In the NDRV vs control comparison, a similar GO distribution pattern was observed ( Fig. 2c ). In the CDRV vs NDRV comparison, 65.6% (21 proteins), 31.2% (10 proteins) and 28.1% (9 proteins) of the DEPs were classified into the 'binding' , 'macromolecular complex' and 'single-organism process' GO terms, respectively. Furthermore, the DEPs were also grouped into different subcellular location terms (Fig. 2d ).
In total, only 32 DEPs, including 6 CDRV infection preferentially accumulated and 26 NDRV infection preferentially accumulated proteins, were observed between the CDRV and NRDV infections (Table S4 ).
Enrichment analysis of the DEPs under the C/NDRV infections. Under C/NDRV infections, most
DEPs were assigned to at least one GO term. In the CDRV vs control comparison, the significantly enriched 'biological process' GO terms were 'single-organism metabolic process' (56 DEPs), 'small molecule metabolic process' (28 DEPs) and 'oxidation-reduction process' (27 DEPs) ; the largest enriched GO terms associated with 'molecular function' were 'oxidoreductase activity' (27 DEPs) ; and the top three significantly enriched 'cellular component' GO terms were 'integral component of membrane' (19 DEPs) , 'intrinsic component membrane' (19 DEPs) and 'extracellular region' (12 DEPs) ( Fig. 3a ). In the NDRV vs control comparison, the significantly enriched 'biological Process' GO terms were associated with 'metabolic process' (69 DEPs), 'small molecule metabolic process' (36 DEPs), 'organic acid metabolic process' (24 DEPs), 'carboxylic acid metabolic process' (24 DEPs) and 'oxo-acid metabolic process' (24 DEPs); within the 'molecular function' category, the most represented GO terms were 'transferring glycosyl groups' (13 DEPs), 'enzyme inhibitor activity' (10 DEPs), 'heme binding' (10 DEPs), and 'tetrapyrrole binding' (10 DEPs); and the most enriched GO terms within the 'molecular function' category were 'extracellular region' (19 DEPs), 'extracellular region part' (11 DEPs) and 'extracellular space' (10 DEPs) (Fig. 3b) .
Under the CDRV infection, 107 DEPs were grouped into different KEGG pathways, of which eight metabolic pathways were enriched (P < 0.05). Most of the CDRV infection induced proteins were enriched in four metabolic pathways, including the 'Other types of O-glycan biosynthesis' , 'Protein processing in ER' , 'Cell adhesion molecules' , and 'Herpes simplex infection' pathways. Addition to above four pathways, the NDRV infection induced protein were also enriched in another three pathways, such as the 'Regulation of actin cytoskeleton' , 'Phagosome' and 'Influenza A' pathways. The proteins that were down-regulated by both of the CDRV and NDRV infections were enriched in the 'Fatty acid biosynthesis' , 'Starch and sucrose metabolism' , 'Carbon metabolism' , 'Metabolic pathways' , 'Pyruvate metabolism' , 'Metabolism of xenobiotics by cytochrome P450' , 'Citrate cycle' , 'Fatty acid metabolism' and 'PPAR signaling pathway' pathways ( Fig. 4) .
Under the CDRV infection, the most significantly enriched domains in the DEPs were 'Rossmann-like' , 'Biotin' and 'single hybrid motif ' domains ( Fig. S1a ). Under the NDRV infection, the most significantly enriched domains in the DEPs were 'Serine proteases, trypsin domain' , 'Fibrinogen, alpha/beta/gamma chain, coiled coil domain' and ' AMP-dependent synthetase/ligase' domains ( Fig. S1b ).
PPI networks for the DEPs.
To predict the biological functions of newly identified proteins, PPI networks were generated to reveal the relationship between the DEPs. In our study, the PPIs of the DEPs under both of the C/NDRV infections were analyzed to comprehend the dynamic shifts in metabolic pathways. In total, 46 DEPs in the CDRV vs control comparison and 22 DEPs in the NDRV vs control comparison were treated as network nodes. Then, three highly enriched interaction clusters, including glycolysis, TCA cycle and fatty acid metabolism, were identified in the networks (Fig. 5 ).
DEPs related to various key metabolic pathways. KEGG analysis indicated that various key meta-
bolic pathways, from starch and sucrose metabolism to fatty acid metabolism, involved in the responses to the C/NDRV infections (Table S5 and S6). For starch and sucrose metabolism, four enzymes (HK, UGP2, GYS and GBE1) were inhibited by both of the CDRV and NDRV infections and one enzyme (PGM) was only reduced by the NDRV infection. For glycolysis pathway, no significantly changes were detected under the CDRV infection, and FBP was down-regulated and two enzymes (PK and ALDO) were up-regulated under the NDRV infection. Besides, two pyruvate metabolism-related enzymes (PDHB and AACS), three TCA cycle associated enzymes (MDH1, MDH2 and ACLY) and three fatty acid metabolism-related enzymes (ACACA, FASN and ACSBG), were down-regulated under both of the CDRV and NDRV infections (Fig. 6 ).
DEPs involved in the protease systems. The complement system and the coagulation system, main columns of innate immunity and homeostasis, have fundamental clinical implications in the context of diseases with inflammatory pathogenesis 21 . In our study, a number of DEPs involved in the protease systems were identified. For the coagulation system, six coagulation factors, including coagulation II, V, VII, IX, X and XIII, were identified, among which five were quantified, except for coagulation VII. Coagulation factor XIII (R0KCX2) was significantly up-regulated under both of the CDRV and NDRV infections. Besides, coagulation factors V (U3IF51) and X (U3I5A6) were significantly induced by the NDRV infection. For the fibrinolytic system, three fibrinogens, including alpha (R0JSX9), beta (R0JS80) and gamma (U3IA23), were identified. Interestingly, all three fibrinogens were significantly up-regulated by both of the CDRV and NDRV infections. For the complement system, 16 complement factors were identified, among which 12 complement factors were significantly induced by the CDRV infection and 13 complement factors were significantly induced by the NDRV infection ( Table 1 ).
Identification of differential expressed molecular chaperones.
The importance of molecular chaperones in liver immunity against various viruses has been well-studied 22, 23 . In our study, a large number of molecular chaperones, including the members of Hsp family, the members of BAG family and others, were identified. For the Hsp family, 'DnaJ subfamily B member 11' (U3IC97) and DnaJ subfamily B member 1' (U3IQM1) were siginificantly up-regulated by both of the CDRV and NDRV infections. For the BAG family, only 'BAG family molecular chaperone regulator 5' (U3I2D5) was significantly induced by the NDRV infection. For others, no significant changes were observed ( Table 2 ).
Verification of the changes in the proteins responsive to the C/NDRV infections. Because virus
response is extremely complex, it is difficult to identify a single sensitive biomarker. Identification of a panel of C/NDRV infection responsive proteins would be feasible to offer better understanding to this complex biological process. PRM was applied to validate the differential expression of several key proteins involved in the responses to the C/NDRV infections. In total, 14 key proteins involved in various biological processes were selected for the PRM verification (Table S7 ). The relative abundances of several key proteins from different sample groups were presented in Fig. 7 . The trend of these DEPs checked by PRM was agreed with the results of the TMT-label quantification.
Discussion
C/NDRV mainly infect ducklings resulting to general weakness, diarrhea, serofibrinous pericarditis and swollen liver covered with small white necrotic foci 13 . As fatal pathogenic viruses, C/NDRV have caused huge economic losses of the duck industry over the past several decades 24 . The liver, one of the most important organs, plays vital roles in digestion, metabolism process and innate immune system response in ducks 25 . However, little information of the protein profile of the liver cells infected with C/NDRV in ducks was available. Here, an integrated approach involving TMT labeling and LC-MS/MS was applied to identify the DEPs in liver cells of C. moschata under the C/NDRV infections. Recently, several proteomic analyses have provided a number of responsive proteins involved in various virus infections. For example, 19 and 175 differentially accumulated cellular proteins were identified in tembusu virus-infected BHK-21 duck cells at 24 and 48 hpi, respectively 26 . In primary duck hepatocytes, 75 DEP spots under duck hepatitis B virus infection were revealed by 2-D analysis 27 . Quantitative proteomic analysis of tembusu virus infected duck ovarian follicles identified 131 DEPs 17 . In our study, 5571 proteins were identified, including 242 and 325 DEPs under the CDRV and NDRV infections, respectively. The number of DEPs identified in our study was larger than that in the previous studies, suggesting a deeper exploration of new proteins that were potentially involved, directly and indirectly, in the immune responses to the C/NDRV infections.
CDRV was firstly described in South Africa in 1950 and isolated in France in 1972 6, 28 . Since 2000, a NDRV-related disease was found in the major duck feeding regions of China 7 . The differences in genome segments between CDRV and NRDV have been completely determined [11] [12] [13] 29 . However, information on the differential host responses to the CDRV and NRDV infections is limited. In our study, only 32 DEPs were identified between CDRV and NDRV infections, pointing out an unexpectedly similarity in the host responsive patterns between CDRV and NRDV infections ( Fig. 2a) . From CDRV to NDRV, along with the evolution of the virus, the pathogenicity of NDRV was greatly differ from that of CDRV 30 . These 32 significantly DEPs may provide an explanation of the differences in the pathogenicity between CDRV and NDRV (Table S4 ). Interestingly, three fibrinogens (alpha, beta and gamma), were siginificantly high accumulated in the NDRV infected liver cells compared to the CDRV infected liver cells, giving a lot of large blood spots in the NDRV infected liver. A general assessment of metabolic regulation under virus infections has been widely discussed [31] [32] [33] . KEGG enrichment analysis revealed that various metabolic pathways were significantly inhibited by the C/NDRV infections. Neutral fat accumulation in liver cells is caused by the infections of pathogenic microorganisms 34 . Viral infection can result to an abnormality of fatty acid metabolism in livers 35 . A previous study indicated that the contents of free fatty acids were significantly induced by the MDRV infection in liver. Moreover, the expression of several fatty acid metabolism associated enzymes were significantly inhibited in the livers 16 . In our study, a number of fatty acid metabolism-related enzymes were identified as down-regulated proteins under both of the CDRV and NDRV infections. Thus, C/NDRV infections may reduce the decomposition of fatty acids and cause fat accumulation in the infected livers.
The network of serine proteases play a central role in the innate immune reactions, such as removing of pathogens and repairing of damaged tissues. It is well known that the serine protease systems are consisted of several autonomous proteolytic cascade systems, such as the complement, coagulation and fibrinolytic systems 21, 36 . Activated coagulation cascade can prevent the invasion of microorganisms and the subsequent inflammatory responses 37 . In our study, a total of six coagulation factors were identified, among which coagulation factor XIII was significantly up-regulated by both of the CDRV and NDRV infections. The traditional functions of coagulation factor XIII in the stabilization of fibrin clot and protection of fibrin against fibrinolysis have been well summarized in the last decade 38 . Our data suggested an involvement of coagulation factor XIII in fibrinolysis and thrombosis under the C/NDRV infections. Fibrin, the ultimate substrate for fibrinolysis, plays an essential role in the hemostasis 39 . Fibrinogen, a soluble 340 kDa protein with three distinct disulfide-linked polypeptide chains, including α, β and γ chains, is the major target of thrombin 40 . In our study, all the three chains of fibrinogen were significantly up-regulated by both of the CDRV and NDRV infections. Higher concentrations of fibrinogen under the C/NDRV infections may enhance the control of blood coagulation 39 . Complement is composed of about 30 enzymes and plays roles in the defense against infections 37 . Under the C/NDRV infections, a number of complement enzymes were up-regulated, suggesting an activation of the serine protease systems in C. moschata.
Chaperones are important small compounds to maintain the stability and folding of unfolded or misfolded proteins 41 . A central role of chaperones in the immune networks has been well elucidated 42 . Hsp family members, more generally named as 'stress proteins' , are involved in the ancient defense system of living organisms 43 . For example, a positive cellular role of Hsp90 during the rotavirus infection has been reported 22 . In our study, a large number of molecular chaperones were identified, including 16 Hsp family members, three BAG family and 14 other chaperones. Interestingly, no significantly changes in the abundances of most identified molecular chaperones were observed. Therefore, the roles of these molecular chaperones in C. moschata under the C/NDRV infections need to be addressed in the future.
In summary, a large number of the classical/novel duck reovirus infection responsive proteins in C. moschata were identified by high throughput proteomics analysis. The DEPs between the control and infected cells showed various biological functions. The results will provide useful information about the pathogenicity of C/NDRV in ducks and new insights into the further study of the disease.
